The efficient removal of Endocrine Disruptive Chemicals (EDCs) namely oxybenzone and atrazine using polysulfone (PSf) composite membranes is reported in this article. A negatively charged hydrophilic mixed matrix membrane was prepared by using Polyaniline modified halloysite nanotubes (PANi-HNT) and polysulfone. The X-ray diffraction (XRD) and attenuated total reflectance infrared (ATR-IR) technique confirm the conversion of Halloysite nanotubes to Polyaniline modified halloysite nanotubes and their presence in membrane matrix. The microvoids observable in the SEM images depict the internal structure of the membrane. Further, increasing in the water uptake and decreasing in the contact angle with respect to increasing the concentration of Polyaniline modified halloysite nanotubes confirm the enhancement of the membrane hydrophilicity. This hydrophilicity increases for higher concentrations of PANi-HNT leads to a significant improvement of the water flux. The removal efficiency of prepared mixed matrix membranes was found to be 98% for oxybenzone and 50% for atrazine. The separation process was discussed in terms of adsorption coefficient, membrane charge and mean pore size. Considering the performances highlighted in this study, the proposed membranes appear usable for the removal of EDCs from contaminated solutions.
Introduction
The chemicals or natural by-products in the environment that mimic the hormones in the body are called Endocrine Disruptive Chemicals (EDCs) [1] . They have major impacts on human and wild life due to their influence on the networks of endocrine glands such as pituitary, thyroid, parathyroid, adrenals, and pancreas [2] . Human activity can sometimes introduce many endocrine compounds into the environment, which are capable of disturbing the endocrine system of aquatic, wildlife and sometimes humans. EDCs can also cause imbalance in immune system resulting in reproductive disorders. Moreover, certain types of cancer, birth defects and neurological disorders can also be induced by these contaminants. The foremost sources of EDCs are fish, meat, industrial waste water, dairy products, cosmetics and cleaning products, pesticides, herbicides and insecticides. These man-made compounds or natural products act on human body by fitting into hormone receptors, blocking the normal hormone or acting instead of the normal hormone in an irregular manner [3, 4] .
Oxybenzone and atrazine are the major EDCs present in the environment. Oxybenzone is used as a broad-band UV filter in many concentrations ranging up to 10% in sunscreen products. It is usually used either alone or in combination with other UV filters .since it absorbs UVB (290-320 nm) and short-wave UVA (320-400 nm). It is also incorporated into environment by many other types of cosmetic products at concentrations ranging between 0.05 and 0.5% when used for photoprotection [5] . When it is exposed to UV light, it was found to undergo oxidation and form an intermediate semiquinone which inactivates the anti-oxidant enzyme thioredoxin reductase, resulting in homeostasis of the epidermis [6] . On the other hand, atrazine is an EDC that alters the natural hormone system in animals [7] . It is widely used in agriculture as an herbicide. Although it is the most widely used herbicide in US [8] , its use remains controversial because of drinking water contamination. Atrazine also causes cancer, reproductive disorder, neurotoxicity, menstrual problems and birth defects. The half-life of the chemical was found to be in the range of 13 to 261 days in surface soil, and therefore, it can slowly migrate to underground water [9] .
Considering their toxicity, there is a lot of researches devoted to the development of new methodologies or processes for the elimination of hazardous organic moieties. Among them, membrane separation is getting thoughtful attraction from the scientific community, perhaps due to the simple synthetic procedure and high separation efficiency [10] [11] [12] [13] . PANi-HNT is a widely studied polymer for its electrical and optical properties, and it has been extensively used in many applications such as sensors, rechargeable batteries, anticorrosion coatings and selective membranes [14, 15] . Their inclusion in PSf membranes allows a modification of their properties leading to a significant improvement of performances such as water flux and separation of contaminants [16] . These membranes can be recycled many times, which is ecofriendly and cost effective [17] .
Present work involves the synthesis of various Wt.% PANi-HNT/PSf mixed matrix membranes (MMM) by phase inversion process. To the best of our knowledge, the rejection of oxybenzone and atrazine by PANi-HNT/PSf membranes was rarely investigated in the literature. Moreover, the manuscript provides a deep discussion about the parameters involved in the separation of emerging contaminants. XRD and ATR-IR spectroscopy were used to study the microstructure of the membranes and the morphology was also characterized by SEM images. Hydrophilicity of the various membranes was investigated by contact angle measurement and their performances in EDCs rejection were explored using different Wt%PANi-HNT/PSf membranes. Finally, the rejection measurements were also extended to the filtration of solutions containing EDCs mixed with water collected from a lake.
Experimental section

Materials
The various compounds used in this study are 2-Hydroxy-4-methoxy-benzophenone (oxybenzone) (Merck), 2-chloro-4-(ethylamino)-6-(isopropylamino)-s-triazine (atrazine) (Merck), polysulfone (Mw: 32,000 Da) (Sigma-Aldrich), 1-methyl-2-pyrrolidone (NMP) (Merck), HNT (Sigma-Aldrich), ammonium persulfate and HCl (Merck). All the chemicals used were of the reagent grade, and the solvents were dried and distilled before use as per the standard protocols.
Methods
Preparation of PANi-HNT
Polyaniline coated HNT was synthesized using in situ polymerization technique following the method reported by Zhang et al.(2008) with slight modifications [18] . 1.5 g of HNT was sonicated in 100 mL of distilled water to which 3 mL of aniline and 270 mL of 1 M HCl were added with continuous stirring at 10°C. Temperature plays a critical role in this reaction as it avoids sudden dissociation of the acid. A solution of ammonium persulfate (7.5 g in 300 mL of 1 M HCl)was slowly added to the reaction mixture over a period of 90 min, and the mixture was then kept for 4 h at room temperature without any disturbance. Then, dark colored PANi modified HNT with chlorine salt was filtered and washed with distilled water. Finally the product was stirred with aqueous ammonium hydroxide to remove any excess of acid and to neutralize the product. In this process, chlorine is replaced by OH to form free base [19] . The obtained PANi-HNT was dried in oven at 70°C for 48 h. Scheme 1 depicts the chemical reactivity of prepared PANi-HNT.
Preparation of PANi-HNT/ PSf composite membranes
The PANi-HNT/PSf composite membranes with desired weight percent of PANi-HNT were prepared by phase inversion process [20] . The desired amount of PANi-HNT was taken into 16 mLof N-methylpyrollidine (NMP) of 99% purity, sonicated for 5 h at room temperature and stirred about30 min for uniform dispersion. Polysulfone (PSf) (MW = 32,000 Da) was discharged into the solution mixture and stirred for 24 h to obtain a viscous solution, which was casted on glass plate using glass rod and dipped in a coagulation bath to get composite membrane sheet of thickness ca.1 to 1.2 µm. The thickness of the membranes was kept uniform using side tape. Finally, membranes were washed several times with distilled water to remove excess of solvent that might be present during the preparation process and further by dipping into distilled water for 24 h [21] . The different ratios of polysulfone, PANi-HNT and NMP used for the preparation of the different membranes are showcased in Table 1 . . The PANi-HNT and mixed matrix membranes were compared by ATR-IR; the membranes were thoroughly dried for 24 h in a vacuum desiccator before recording the IR spectra. X-ray diffraction patterns of the PANi-HNT and mixed matrix membranes were recorded using a Shimadzu XRD-model 7000 with Cuka radiation scan rate of 1°m in −1 , and the crystalline nature of HNT on mixed matrix membranes was studied by XRD technique.
SEM analysis
SEM images of the membrane cross section were used to study the membrane morphology. The cross section was observed using a Scanning Electron Microscope (Technai 10 Phillips). The samples were V.S. Babu et al. Chemical Engineering Journal 334 (2018) [2392] [2393] [2394] [2395] [2396] [2397] [2398] [2399] [2400] prepared by freezing and fracturing the membranes with liquid nitrogen to provide smooth break of the membrane cross section. The prepared samples were affixed on carbon tape, making an aluminum disc stand and then sputter-coated with 15 nm of gold prior to SEM analysis.
Wettability study of membranes
The water uptake and contact angle are the two main two parameters to determine the hydrophilicity of the membranes [22] . The water uptake of the prepared membrane was performed by recording the change in the weight of the dry membrane and the membrane which was soaked in distilled water. Membranes were thoroughly rinsed with distilled water, and then dried in vacuum desiccators with a vacuum of 120 mm Hg for 24 h. The dried membrane was sliced into small pieces of ca.1 cm 2 area and was further immersed in distilled water. Eventually, these pieces of membranes were taken out after 24 h interval of time, and excess water on the surface was gently removed by a blotter. Finally, the weight of the soaked membranes was quickly measured. And the water uptake percentage was calculated using the Eq. (1).
where, W w and W d are the weights of wet and dried membranes, respectively.
The contact angle between the water and the membrane was measured by using a FTA-200 Dynamic contact angle measurement by sessile drop method. A water droplet was placed on the membrane at five different places and the average value is reported.
Ion exchange capacity (IEC)
The determination of the ion exchange capacity consists in measuring the number of counter ions exchangeable in membrane in milliequivalents of H + per weight of the dry membrane. The ion exchange capacity gives information about the density of ionizable functional groups present on the membrane. These ionizable groups are majorly responsible for the charged nature of the membrane and for membrane conductivity [23] . The membranes were cut into 1cm 2 square shaped pieces, dried well and weight was noted. Then, they were kept in a 10 mL of 1 M HCl solution for 24 h for exchange of cations and rinsed with distilled water. Finally, the membranes were kept in 10 mL of 1 M NaCl solution for 24 h. The ion exchange capacity was calculated by obtained HCl solution through titration method as described in the literature [24] . The IEC was calculated using Eq. (2)
where, A = Concentration of the NaOH used, B = Volume of NaOHsolutionconsumed during the titration and M dry = weight of the dry membrane.
Membrane performance study 2.4.1. Rejection of oxybenzone and atrazine
The rejections of EDCs were carried out by using self-constructed dead-end filtration unit. The experimental filtration procedure proposed by Jyothi et al. [25] was followed for rejection measurements. Prepared membranes of desired Wt.% were cut into round shape of 5 cm 2 and fixed at the bottom of the unit. The unit is then filled with 500 mL of solution containing 3 ppm of afore-mentioned EDCs. The filtration experiments were run separately for oxybenzone and atrazine. For each applied pressure, 20 mL of the solution was collected for determination of EDCs concentration. Solution were analyzed at λ max = 235 nm for oxybenzone and at λ max = 225 nm for atrazine, using a UV-Visible Spectrophotometer. The applied pressure was varied from 200 to 1000 kPa with the difference of 200 kPa. For each pressure, a new membrane and feed solution was used. The percentage of rejection was calculated using Eq. (3). 
where, C p and C f are the permeate and feed concentrations, respectively. The above procedure was repeated by using each of the following membranes one by one, viz, 0.25 wt% of PANi-HNT/PSf membrane, 0.5 wt% of PANi-HNT/PSf membrane, 0.75 wt% of PANi-HNT/PSf membrane, and 1 wt% of PANi-HNT/PSf membrane for oxybenzone and atrazine.
Pore size identification
In this paper, the mean pore radius r p of the various membranes was estimated by fitting rejection of atrazine and oxybenzone with a hydrodynamic model that considers only steric exclusion. This approach has been implemented many times in literature and the value of pore radius is usually adjusted in Eq. (4) to fit a complete rejection curve of a neutral solute such as glucose [26] .
Pe denotes the Peclet permeation number defined as:
With K c and K d the hindrance factors for convection and diffusion, respectively and ϕ the steric partition coefficient defined by [27] :
In this study, the pore radius has been identified for each pressure separately to discuss the exclusive phenomena governing rejection of atrazine and oxybenzone.
Rejection of oxybenzone and atrazine from a lake water
The rejections of EDCs were also carried out by using feed solution collected from a nearby lake. The filtration procedure is identical to that previously described. The feed solution was prepared in the laboratory by mixing the compounds in the lake water. Water was collected from the lake and stored in laboratory for 24 h without disturbing. Afterwards, upper layer of water was collected and used for the preparation of feed sample. The rejection of EDCs was studied in the same conditions that those used for synthetic solutions. Fig. 1 depicts the XRD spectra of HNT, PANi-HNT and composite membranes. The XRD spectra of HNT with a set of characteristic peaks at 13°, 21°and 27°of two theta, whereas XRD spectrum of PANi-HNT, which shows peaks with decreased intensity compared with HNT spectra. Further, the peaks were shifted towards left to 12°, 20°and 27°o f two theta, which may be attributed to the fact that the interaction of in situ generated polymer chain into the intra molecular layer of HNT [28] . The XRD spectrum of HNT and PANi-HNT matches with literature standard, which clearly shows the successful modification of HNT to PANi-HNT [18] .The XRD spectrum of PSf membrane showing broad peaks at 18°of two theta, while the XRD spectra of 1% PANi-HNT/PSf membrane. In the case of these mixed matrix membranes, PANi-HNT peaks were not observed due to low concentration in the polymer matrix. .This observation can be attributed to the intra molecular bonding between PANi-HNT and PSf. Figure 3 illustrates the cross-section images of PSf and mixed matrix membranes. EDAX study of the membrane was performed and it shows presence of Al, Si, and N in the membrane, which confirms the presence of PANi-HNT in the membrane matrix. Of particular interest, Fig. 3(b-d) exhibit mixed matrix membranes with the concentration of PANi-HNT increases from 0.25 to 1%, respectively. The cross-section reveals the presence of a dense layer, a finger like middle layer and a bottom supportive layer system. The finger like projections are narrow in PSf membrane, whereas increasing the concentration of PANi-HNT, this projection became broad while micro channels on the surface layer become thinner. In the bottom layer, however, the macrovoids are longer with the increase in the concentration of the PANi-HNT, below the finger like projections. There are two important parameters, effectively for such macrovoids during phase inversion are; i) hydrophilicity and ii) viscosity of the casting solution [28] . Hydrophilicity increases the intake of non-solvents (water) in the solvent/non-solvents exchange and higher the viscosity decreases the rate of solvent exchange which causes macrovoids [29] . In this case the PANi-HNT is hydrophilic in nature meanwhile metal oxides decrease the viscosity of the casting solution. Hence, macrovoids are larger with respect to higher concentration of PANi-HNT The hydrophilicity of the membranes also supports the above phenomenon, and was confirmed by water uptake and contact angle studies. In higher concentration, the water movement is irregular because of more hydrophilic interaction doing phase inversion. Hence, twisted finger like projections were observed in higher concentration of PANi-HNT membranes. Fig. 4 demonstrates the water uptake and contact angle for the prepared membranes of various concentrations of PANi-HNT distributed over PSf membranes. The contact angle decreases from 74 ± 2 to 55 ± 4°as the concentration of the PANi-HNT increases from 0 to 1%. The water uptake was increased from 29.9 to 31.43%, after the incorporation of 0.25% PANi-HNT over PSf membrane. Similarly, the water uptake increases substantially upon the increase in the concentration of PANi-HNT, that is, 0.5% PANi-HNT, 0.75% PANi-HNT, and 1% PANi-HNT to 46.67%, 85.15% and 90.18%, respectively. The presence of PANi-HNT on the surface of the PSf membrane drastically improves the water uptake/hydrophilicity. Hydroxyl polarity is able to interact with water molecules through Van der Waal's force and hydrogen bonding, which helps to enhance the hydrophilicity of the membrane [30] . In PANi-HNT, the presence of NH 2 groups leads to the increase of Van der Waal's interactions with water molecules. However, it is also possible that the higher affinity of PANi-HNT for water compared to polysulfone, which increases the penetration velocity of water into mixed matrix membrane during the phase inversion process [28] . Hence, mixed matrix membranes are hydrophilic in nature as compare to plane PSf membrane.
Results and discussion
Characterization of the membranes
PANi-HNT is a charged molecule, and therefore, IEC of the membrane (given in Table 2 ) is also an important characteristic to enhance the membrane performance. The amine group from PANi has capability to do the ion exchange. Meanwhile, prepared PANi-HNT is in basic form with OH -counter ions. Hence, prepared membranes exhibit the charge interaction phenomenon in performance. Table 2 shows the ion exchange capacity of the membranes. IEC capacity depends on the concentration of PANi-HNT; higher concentration of the PANi-HNT enhances the exchange capacity.
Water flux study
Pure water flux study is one of the important parameters in judging the porous nature of the membrane [31] . Fig. 5 shows the pure water flux at different operating pressures for various PANi-HNT/PSf membranes. In the case of the plain PSf membrane and 0.25% PANi-HNT/ PSf membrane, no water flux is observed even at 800 kPa of pressure indicating the hydrophobic nature of these membranes, which hinders the penetration of water. However, a high water flux was observed in the cases of higher percentage of PANi-HNT membranes with the increase in pressure. These results are almost linear with respect to transmembrane pressure. It was observed that there is a constant increase in the water flux with respect to increase in the weight percentage of PANi-HNT. This is perhaps due to the hydrophilic nature of the substance. Hydrophilicity increases with respect to concentration of PANi-HNT and the same trend was followed in the water flux study. The highest concentration i.e. h at 800 kPa pressure. The water flux was found to decrease with the decrease in concentration of PANi-HNT irrespective of the pressure considered. Hence, the productivity of the membrane depends basically on its hydrophilic character.
Rejection study using PANi-HNT/PSfmembrane
The rejection of trace organic molecules by membranes depends on Fig. 4 . Water uptake and contact angle of the membranes Table 2 Ion exchange capacity of the mixed membrane. the feed parameters like molecular weight (MW), molecular size (length and width), acid dissociation constant (pKa), hydrophobicity/hydrophilicity (log K ow ), diffusion constant (Dp) and membrane properties such as pore size (MWCO value), surface charge (IEX), or hydrophobicity/hydrophilicity (measured as contact angle and water uptake) and surface morphology [32] . PANi-HNT is more hydrophilic and negatively charged. Hence, PSf /PANi-HNT composite membrane were used for the removal of atrazine and oxybenzone. Fig. 6 shows the extent of rejection of oxybenzone with respect to various applied pressures. The results reveal that the membrane of lower concentration of 0.25% PANi-HNT/PSf evinced a rejection of ca. 55% of these organics. The 0.5, 0.75 and 1% PANi-HNT/PSf membranes evidenced 95% of rejection as higher hydrophilicity enhances the rejection. The membrane performance was studied for various pressures, from 200 to 800 kPa, however, the same rejection values were found for all the applied pressures.
The extent of rejection of atrazine with respect to applied pressure is showcased in Fig. 7 . The 1% PANi-HNT/PSf membrane displayed maximum rejection of ca.50% was observed at a lower pressure of 200 kPa while the same performance was continuously found even at higher pressure. In the cases of 0.25, 0.5 and 0.75% PANi-HNT/PSf membranes, a rejection of around 30% was observed at lower pressure of 200 kPa. The rejection increases with increase in Log K ow for both the compounds (oxybenzone and atrazine having Log K ow > 2.5), which indicates their hydrophobic nature. Therefore, higher rejection was observed with highly hydrophilic membranes [33] . In the instance of atrazine (Fig. 7) , the 1% PANi-HNT/PSf membrane exhibitedca.50% of rejection; however, decreasing concentration of PANi-HNT of 0.25, 0.5 and 0.75% illustrated30% of the atrazine rejection. Furthermore, the rate of the rejection decreases with an increase in the applied pressure. The anomalous behavior of the separation results was justified using properties of organic compounds.
Almost 95% and 35% of rejections were observed in the cases of oxybenzone and atrazine, respectively, using the same membranes. The transport mechanism in the membrane separation was affected by the properties of feed solution [32] . Table 3shows the physical properties of the oxybenzone and atrazine. The pKa value of atrazine is 1.7 which is acidic in nature, and it can undergo chemical reaction with the membranes as it is a chloro substituted derivative. Hence, it can damage the surface of the membrane by increasing the pore size. Surface which cause enlarging the pore size, meanwhile, diffusion coefficient of the atrazine is higher than the oxybenzone. Moreover, oxybenzone is considerably larger in size than atrazine and the steric exclusion is also strongly lower with the latter. Hence, the rejection of atrazine is drastically lower than that of oxybenzone.
Each PANI-HNT/Psf membranes shows significantly higher rejection than the Psf membranes and it is especially true when the percentage of PANI-HNT is high (1%). Moreover, rejection obtained with the 1% PANI-HNT/Psf is found to be notably higher than those reported in literature for UF membranes (0-10% for atrazine [34, 35] and 70% for oxybenzone [35] ) and even for loose NF membranes (30-40% for atrazine [34, 35] and 70%-80% for oxybenzone [36] ). For this reason, EDCs are usually removed from contaminated solution by hybrid membrane processes, such as membrane bioreactor and/or membrane distillation [37] . However, considering the performances highlighted in this study, PANI-HNT-Psf membranes seems to be a relevant alternative to hybrid processes due to their modified properties. The rejections obtained for the various filtration experiments were used to estimate the mean pore radius of the two membranes by considering only steric exclusion (Eqs. 45.2). It is expected that only one pore radius can describe a whole curve of rejection, but the rejection decrease when pressure increases does not allow the determination of a unique pore size. Thus, pore radius was estimated for three pressures corresponding to 200, 500 and 800 kPa, as it is depicted in Fig. 8 in the case of atrazine rejection by the 1% PANI-HNT/PSf membrane. The values estimated for all conditions are summarized in Table 4 for discussion.
As it can be seen in Table 4 , the identified pore radius increases with pressure, which is obvious since experimental rejection was found to decrease when pressure increases. Nonetheless, identified values are close to 2-4 nm, meaning that membranes can be classified as ultrafiltration membranes with low molecular weight cut-off. The decrease of rejection for increasing pressure being probably induced by a strong concentration polarization, it is probably more coherent to discuss the pore radii obtained at 200 kPa. From values identified with the two solutes, it can be seen that membrane exhibits different pore sizes, which is physically incoherent. This observation tends to show that rejection is probably governed by other phenomena than steric exclusion, such as electrostatic interactions. Consequently, a hydrodynamic model is not sufficient to describe rejection of such molecules and a more complex model including electric and dielectric exclusions [38] should be developed for this purpose.
Rejection study for the laboratory prepared feed sample
Further, the membrane was used to remove EDCs from laboratory feed samples prepared with a real water. Indeed, it was previously reported that rejection of EDCs can also vary depending on feed water chemistry [39] .
The solution containing 3 ppm of oxybenzone and atrazine were prepared using waste water collected from a lake and the rejection was investigated using the same filtration unit and procedure. Fig. 9 shows the evolution of oxybenzone rejection with respect to various applied pressure. In case of 0.25% PANi-HNT/PSf membrane, there was no rejection, but in the cases of 0.5, 0.75 and 1% PANi-HNT/PSf an average rejection of 20% was observed. Almost the same average rejection was observed for atrazine in Fig. 10with the same mixed matrix membranes. With these samples, the rejection of atrazine and oxybenzone appears no longer to be governed by steric exclusion, leading to similar rejections although their sizes are significantly different.
With an increase in the feed water concentration, a concentration differential is created across the membrane and resulting in ahigh diffusion potential. Diffusion across the membrane is one of the main driving forces for the maximum permeation of organic compounds [32] . The recovery of the HAAS, DBP and total THM by NF membranes was studied by Chellam and Taylor, who found that the rejection decreases by increasing recovery [40] . Hence, in this case, the feed solution was full of other organic compounds. It increases the diffusion potential across the membrane which causes the falls in rejection.
Conclusion
The prepared membranes have the ability to remove the hydrophobic organic trace compounds. The polysulfone is a hydrophobic membrane and it was converted hydrophilic by mixing with PANI-HNT. The hydrophilic and negatively charged membrane showed better performances with both charge and hydrophilicity, which are the main Fig. 8 . Estimation of the mean pore radius from experimental rejection of atrazine by the 1% PANI-HNT/PSf membrane Table 4 Pore radius of the various membranes estimated for 3 pressures from atrazine and oxybenzone rejection. 
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properties governing transport through the membrane. The water uptake and flux were higher for higher concentrations of PANi-HNT. The physical properties of the feed solution play a crucial role in the rejection studies. For instance, the log K ow and the size of the molecule have shown a great influence on the separation performances. The compounds which are having log K ow > 2.8 can be removed using these membranes. Oxybenzone showed 95% and atrizines ca.50% of rejection by the reported membranes.
